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Abstract 
Feasibility of Inkjet Printing as a Viable Solar Cell Fabrication Method 
Brandon Scott Lee 
Ying Sun, Ph.D. 
 
 
 
 
 
 
 In this study, the flexible polymer substrate polyethylene naphthalate (PEN) was 
modified under two different plasma chemistries, namely helium-oxygen (He-O2) and 
helium-water vapor (He-H2O) plasmas at atmospheric pressure and room temperature. 
Surface changes related to wettability, chemical functionalization, surface energy, and 
morphology after plasma treatment were investigated using water contact angle (WCA) 
goniometry, x-ray photoelectron spectroscopy (XPS), and atomic force microscopy 
(AFM). Each plasma resulted in a more hydrophilic PEN surface, with WCA decreasing 
by 68% and 85% for He-O2 and He-H2O plasma treated PEN, respectively, after only 1.0 
second of exposure. An aging study of plasma treated PEN shows an increase in WCA 
that is still 30° lower than that of the as-received PEN after one month. XPS and AFM 
results show that improved wettability of the plasma modified PEN is due to the 
oxidation of the surface and not due to the increased surface roughness. To promote a 
roll-to-roll process of atmospheric plasma treatment and inkjet deposition, printing was 
performed using the conductive polymer poly(3,4-ethylenedioxythiophene) 
poly(styrenesulfonate) (PEDOT:PSS) on the as-received and plasma treated PEN 
surfaces where the shape and morphology of the lines were studied. Each plasma treated 
PEN surface exhibited well-defined, uniform inkjet-printed lines due to the improved 
wettability and increased surface energy. After scanning electron microscopy (SEM) 
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analysis of the PEDOT:PSS dispersion of a single drop on each substrate, the He-H2O 
plasma treated surface led to less agglomeration of PEDOT:PSS and a more 
homogeneous drop deposit. 
  This study also focused on the feasibility of inkjet printing organic solar cells 
consisting of an active layer of poly(3-hexylthiophene):phenyl-c61-butyric acid methyl 
ester (P3HT:PCBM) on  zinc oxide (ZnO) coated indium tin oxide (ITO) glass slides. 
The inkjet printing frequency, drop spacing, and effect of multiple layers were 
investigated by analyzing optical images of the inkjet printed P3HT:PCBM active layers.  
From these images the optimal parameters were determined and consisted of 1.5 kHz 
inkjet printing frequency, 65 µm drop spacing, and two layers printed in a crossed 
pattern. After determining the optimal parameters, solar cell testing was conducted on the 
inkjet printed organic solar cells. The solar cell testing consisted of using a solar 
simulator in order to measure the absorption spectrum for the inkjet printed P3HT:PCBM 
films and the I-V curves for the inkjet printed organic solar cells. From the I-V curves 
generated it can be seen that the two layers crossed organic solar cell provided the best 
results. 
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CHAPTER 1: INTRODUCTION 
 
 
1.1   INTRODUCTION TO INKJET PRINTING 
 Inkjet printing is an low cost and scalable drop on demand additive fabrication 
method that can be done at atmospheric temperature and pressure. Inkjet printing is 
compatible to roll-to-roll fabrication formats which allows for high throughput, precise 
drop on demand printing technique allows of the precise deposition of function material 
at specific locations which decreases waste during the manufacturing process, and inkjet 
printing has the ability to precisely produce droplets with high repeatability in order to 
insure high quality of the manufactured product. Inkjet printing consists of three stages 
which are shown in Figure 1.1: (1) drop formation, (2) drop impact and spreading, and 
(3) drop evaporation and assembly of the function material suspended within the drop.  
 
 
Figure 1.1 Stages of the inkjet printing process 
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 Inkjet printing is a mature technology that has been extensively used for decades 
to develop products ranging from organic electronic devices to biosensors [1]. However, 
it is only recently that inkjet printing has been used as a viable alternative to 
photolithography techniques for the development of patterns for various applications 
including the fabrication of light emitting diodes, thin film photovoltaics, and polymer 
electronics [2-5]. Inkjet printing offers the advantages of high reproducibility, low costs, 
pattern flexibility, and is roll-to-roll compatible whereas, photolithography is a costly and 
time consuming method that requires multiple complex steps and is not directly scalable. 
Furthermore, inkjet printing allows for the deposition of solution-based materials (e.g. 
colloidal suspensions of metals, oxides, and polymers) in a controllable drop-on-demand 
format that helps lower production costs due to low material waste and high throughput. 
Nonetheless, inkjet printing does present some inherent technical challenges such as the 
development of well-defined and uniform patterns that adhere well to polymer substrates. 
Some suggested methods for improving the quality of inkjet-printed patterns are 
controlling the surface-hydrophilic or hydrophobic character, changing the relative 
humidity, altering the substrate temperature during deposition in order to control drop 
evaporation, and by utilizing a bi-solvent system which would lead to enhanced 
reproducibility and a more uniform layer morphology [6-12]. Of the aforementioned 
methods, there are advantages to modifying the surface wettability of the substrates as 
polymer-based substrates cannot withstand extreme temperatures. Most importantly, 
water is the preferred solvent to promote a more earth-friendly printing technique. There 
are several options for the surface energy enhancement and therefore the improvement of 
wettability of polymers that include chemical methods, ultraviolet (UV) exposure, and 
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plasma treatments. Chemical processing can be time consuming, whereas UV treatments 
can cause damage to the polymer structure. Plasma treatments, in turn, modify only the 
surface of the material at fast processing speeds.  
Non-thermal plasma processing has been shown to modify polymer surfaces to 
improve hydrophilic character, biocompatibility, and printability [13-15] while 
preserving the bulk properties of the material such as transparency and flexibility. 
Traditionally low pressure plasma has been used to modify polymer surfaces, but 
atmospheric pressure plasma offers several advantages. Because the plasma is generated 
in an ambient environment, costly vacuum equipment is eliminated. Atmospheric 
pressure plasma can be incorporated in a roll-to-roll process with the capability of 
treating large areas at fast processing speeds. Therefore, the combination of atmospheric 
plasma treatment and inkjet deposition offers a scalable method for the printing of 
conductive patterns on transparent, flexible polymer substrates.  
Recent studies have shown that changing the wettability of a substrate through 
plasma treatments does affect the morphology and quality of inkjet-printed lines and 
single drops. Drop morphology of silver nanoparticles on hydrophobic and hydrophilic 
glass substrates was studied by Lee and Oh [8]. In their studies, glass substrates were 
exposed to a low pressure C4F8 plasma for 2 minutes to produce hydrophobic surfaces. 
The hydrophilic surfaces were produced through treatment under low pressure oxygen 
plasma for 2 minutes. The formed drops on the hydrophobic surfaces had thick 
morphologies compared to those on hydrophilic surfaces. In a study by Wang and Wang 
[16], the sharpness of pigment-based inkjet-printed lines was investigated on control and 
plasma treated polyester fabric. The fabric was treated with low pressure oxygen plasma 
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for 9 minutes which resulted in a sharper printed line compared to the untreated fabric. 
Atmospheric pressure air-argon plasma has also been used to improve the wettability of 
polyester fabrics [14, 17]. In this study, Zhang and Fang improved the sharpness of 
pigment inkjet-printed patterns on 150 second plasma treated polyester fabric. 
 
 
1.2   INTRODUCTION TO INVERTED SOLAR CELLS 
 Over the past few decades the interest in sustainability and the lowering on the 
world’s dependence on fossil fuels has risen. Due to this rise in interest, the demand for 
alternative energy sources has also risen. There are many different forms of alternate 
energies available but among them all, solar energy is the most abundant resource that is 
everywhere on Earth. Due to this reason, it is easy to see why the research in solar cells 
has been growing frantically over recent years and why new records for cell efficiencies 
are still being increased as knowledge of solar energy harvesting and the materials 
needed for this continue to advance. The newest records for solar cell efficiencies and the 
progression of different types of solar cells can be seen in Figure 1.2 [18]. 
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Figure 1.2 Progress in solar cell performance [18]. 
 
 There are many different types of solar cells technologies available today, 
however among all these there are three main distinctions. First generation solar cells 
which are among the highest efficiencies seen today are composed of large silicon based 
photovoltaic devices. The efficiencies of first generation solar cells are approaching 
43.5% however, the production costs of these types of solar cells are significant and are 
not economically feasible. This high production costs lead to second generation solar 
cells, which focused on thin-film technologies and roll-to-roll processing in order to 
lower the production cost and make solar cells more economically feasible. However, the 
second generation solar cells do not have the efficiencies seen with first generation solar 
cells and still require quite expensive materials, some of which are not environmentally 
friendly. The emerging third generation solar cells offer low production cost and the 
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possibility of roll-to-roll manufacturing with organic environmentally friendly materials 
that have the possibility to offer low cost, environmentally friendly, and decent 
efficiencies that could eventually make solar cell technologies more applicable for large 
scale energy conversion and lessening the world’s dependence on fossils fuels. Third 
generation solar cells show the lowest efficiencies of all three types of solar cell 
technologies, however the interest in these types of solar cells only just began to take off 
and have shown an increase in the efficiencies obtained over the past decade. The 
following work is on third generation organic bulk heterojunction solar cell 
manufacturing using inkjet printing principles. 
 In order to have a functional solar cell certain types of materials have to be 
present. All solar cells consist of a p-type, which is a material that has an abundance of 
holes and n-type materials, which have an abundance of electrons, in order to create a p-n 
junction for the absorption of photons and the separation of excitons (hole and electron 
pairs). This p-n junction provides asymmetry within the solar cell which acts as a driving 
force to move excited electrons through an external circuit [19]. There man many 
different configurations of the p-type and n-type materials for different solar cells but the 
type used to this work is a bulk heterojunction. In bulk heterojunction solar cells the p-
type and n-type materials are mixed together and deposited between two electrodes. Bulk 
heterojunction solar cells have the advantages of providing short distances between the p-
type and n-type materials which helps for charge separation within the active layer and 
leads to less recombination due to shorted diffusion lengths. 
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    poly(3,4-ethylenedioxythiophene) (PEDOT)           poly(styrenesulfonate) (PSS) 
 
Figure 1.3 Chemical structure of PEDOT and PSS [20]. 
 
 
 
Figure 1.4 Structures of P3HT and PCBM [21]. 
 
 
 A typical normal geometry solar cells consists of glass, Indium Tin Oxide (ITO) 
as the bottom transparent electrode, PEDOT:PSS which is a polymer and acts as a hole 
collecting layer; the chemical structures are shown in Figure 1.3, P3HT:PCBM active 
layer which is the p-type and n-type materials respectively, and Aluminum as the top 
electrode. From  Figure 1.5, it can be seen that once the light is absorbed into the 
P3HT:PCBM, the chemical structure can be seen in Figure 1.4, active layer the electrons 
are conducted upward toward the Aluminum top electrode and the holes and conducted 
downward into the PEDOT:PSS layer. However in a typical inverted geometry solar cell 
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the cells consist of glass, ITO as the bottom transparent electrode, Zinc oxide (ZnO) 
which acts as a transparent electron collected that facilitates electron transport from the 
active layer into the ITO layer, the P3HT:PCBM active later, PEDOT:PSS hole collecting 
layer, and then Silver as the top electrode. From Figure 1.5, it can be seen that once the 
light is absorbed into the P3HT:PCBM active layer the electron are conducted downward 
through the ZnO into the transparent ITO bottom electrode. The difference between 
normal and inverted geometry solar cells are not only with the direction that the electrons 
travel. There is also a difference in the band gap diagrams for each type of solar cell 
which helps show how the electrons and holes are conducted. Also, the inverted 
geometry solar cells seem to better withstand being processed, stored, and tested in an 
open environment, whereas the normal geometry solar cell configuration has been shown 
to need a very low humidity Nitrogen environment for manufacturing. 
 
 
Figure 1.5 Schematic showing the band gap diagrams and the solar cell structure for (a) 
normal and (b) inverted solar cells [22]. 
(a) (b)
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1.3   RESEARCH OBJECTIVE 
 Spin coating has served as an excellent means to evaluate and optimize the 
chemical structure of the materials as well as the nanomorphology of the deposited 
photoactive layers. However, spin coating is not a scalable process and it wastes a lot of 
ink. A roll-to-roll compatible printing process is expected to be much faster and less 
expensive. 
 In this work, the influence of atmospheric plasma treated polymer substrates on 
the quality and feasibility of inkjet-printed PEDOT:PSS dispersed in an aqueous solution 
was investigated. The surface of polyethylene naphthalate (PEN) was modified using two 
different plasma chemistries, namely, helium-oxygen and helium-water vapor plasma at 
atmospheric pressure, and the plasma effects were studied. Inkjet-printed PEDOT:PSS 
lines were deposited on both as-received and plasma treated substrates where the shape 
and morphology of the lines were studied. PEDOT:PSS dispersion within a single drop 
was also analyzed for each substrate. This is done in order to understand the feasibility of 
inkjet printing for solar cell applications 
 The fabrication of inverted P3HT:PCBM solar cells with inkjet printing 
P3HT:PCBM active layer on ZnO coated glass substrates was also investigated in order 
to determine the feasibility of inkjet printing. Inverted P3HT:PCBM solar cells were 
selected due to that fact that they be processed in atmosphere without much degradation 
and because the ZnO layer provided a smooth and uniform layer in order to properly 
study the inkjet printed P3HT:PCBM active layer.  
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CHAPTER 2: INKJET PRINTING OF PEDOT:PSS ONTO FLEXIBLE PEN 
SUBSTRATES TREATED WITH ATMOSPHERIC PLASMA 
 
 
 
2.1   SAMPLE PREPARATION AND CHARACTERIZATION 
 Polyethylene naphthalate (Dupont: Teonex Q51) with a thickness of 50 µm and a 
static water contact angle of 86° was used as the flexible polymer substrate. PEN was 
chosen because of its better thermal, barrier, and mechanical properties compared to other 
polymers such as polyethylene terephthalate (PET). The substrates were rinsed in an 
ethanol bath for 10 minutes to remove residual surface contamination and then were air 
dried once removed.  
 
 
Figure 2.1 Schematic of the atmospheric plasma system. 
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 The atmospheric plasma system used in this study was a dielectric barrier 
discharge (DBD) system from Sigma Technologies International, Inc. (model: APC 
2000). The system is operated in open atmosphere and a schematic of the system is 
shown in Figure 2.1. The cylindrical ground electrode is 25.5 cm in diameter and covered 
with Al2O3 as the dielectric material. This electrode will also serve as the roller in the 
hybrid roll-to-roll process capable of throughputs up to 5 m/min. Two aluminum high 
voltage electrodes are positioned on top of the roller at a distance of 2 mm, and have slit 
channels to allow gas diffusion. Each electrode was 45 cm in length while both had a 
combined surface area of 522 cm2. A radio-frequency power supply operating at 90 kHz 
was used, with power densities ranging from 0.73 – 2.30 W/cm2. PEN samples were 
plasma treated under helium-oxygen (He-O2) and helium-water vapor (He-H2O) plasmas. 
For the He-O2 plasma, a constant helium flow of 14 L/min was used while the oxygen 
flow was varied from 70 – 700 sccm (standard cubic centimeters per minute).  These flow 
rates were divided equally to each electrode. The amount of water vapor introduced into 
the plasma can be controlled by changing the temperature and flow of the carrier gas in 
the evaporator. In this study, the temperature of the evaporator was kept at 25°C and the 
flow of the carrier gas (helium in this case) was kept at 12 L/min which provided a water 
vapor mass fraction of 65.2 mg/g. For the He-H2O plasma experiments, one electrode 
(#2) was used for pre-treatment using the carrier gas (helium) and the other electrode (#1) 
was used for functionalization purposes using the reactive gas (water vapor). The cleaned 
PEN samples were mounted on the rotating dielectric surface, and the plasma exposure 
time was varied between 0.27 and 27 seconds by changing the rotating speed of the roller 
and varying the number of rotations. The effect of surface wettability/chemistry on power 
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density and exposure time was investigated for each plasma chemistry. The oxygen 
concentration was varied to achieve the lowest water contact angle. Also, the aging effect 
of the plasma treated PEN was studied.  
 
 
Figure 2.2 Schematic of the inkjet printing setup. 
 
 
A custom piezoelectric inkjet printing setup was used for this work and a 
schematic of the setup is shown in Figure 2.2. It consists of a high resolution (0.5 µm/ 
pixel) Sensi-Cam QE charged coupled device (CCD) camera (Romulus, Michigan) and a 
Navitar 12× zoom lens (Rochester, New York), synchronized with a halogen strobe light 
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and the drop ejection to form a high magnification goniometer for side-view observation. 
The piezoelectric print head (MicroFab MJ-AL01-80, Plano, Texas) allows for drop-on-
demand inkjet printing; whereas, the CCD camera and the strobe light are used for 
visualization of the drop during flight in order to determine drop stability. The substrates 
were attached to a programmable x-y stage, which allowed for the substrate to translate 
while the printing nozzle remained fixed. 
The effect of drop spacing on line deposition for each of the different plasma 
treated PEN substrates was observed by varying the spacing between the centers of two 
consecutive drops from 25% to 125% of the measured in flight drop diameter. All inkjet 
printing experiments were conducted at normal ambient room conditions (i.e. 23°C, 
atmospheric pressure, and 30% relative humidity) with a printing frequency of 20 Hz, a 
nozzle diameter of 80 µm, and a drop flight distance of approximately 1 mm. The 
PEDOT:PSS ink used in this work consisted of a 1:2 ratio of PEDOT:PSS (Clevios PH 
500) to water which resulted in the PEDOT:PSS ink having a viscosity of 5.69 cP and a 
surface tension of 63.21 ± 0.18 mN/m. 
Wettability testing was carried out using a static contact angle setup and by 
applying the sessile drop method [23]. Water contact angles were measured using de-
ionized water, and surface energies were obtained by measuring the contact angle using 
de-ionized water, dimethyl formamide, and diiodomethane as test liquids. These test 
liquids were used due to their wide range of polarities. Six drops (5 µL each) of the test 
liquid were used for the control and plasma treated samples, and the values were 
averaged to obtain a contact angle value.  
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To study the surface chemistry of the control and plasma treated PEN, the Kratos 
Axis Ultra X-ray photoelectron spectroscopy (XPS) system was used. A 100 W 
monochromatic Al Kα (1.4867 keV) beam irradiated a 1 mm × 0.5 mm sampling area 
with a take-off angle of 90°. The pressure in the XPS chamber was held between 10-9 to 
10-10 Torr. Elemental high resolution scans for C 1s and O 1s were taken in the constant 
analyzer energy mode with a 20 eV pass energy. The calibration energy for the 
hydrocarbon C 1s core level was assigned a value of 285.0 eV.  
Atomic force microscopy (AFM) was used to study the morphological changes to 
the PEN that arose from plasma treatment. The AFM system used was a Dimension 3100 
microscope with a Nanoscope V controller (Digital Instruments/Veeco). Imaging was 
done in tapping mode, using TESP (silicon) cantilevers (Veeco Probes) with an 
oscillation frequency of 300 kHz and at a 0.6 Hz scan rate while the selected scan areas 
were 50 × 50 µm. Using Nanoscope software (v7.30), images were flattened to the third 
order, followed by roughness analysis. Root mean square (rms) roughness values from 3 
images, obtained from different locations on each sample were averaged.  
Optical images of the inkjet-printed PEDOT:PSS lines were obtained using a 
standard optical microscope (Nikon Eclipse ME600) at a magnification of 5× in order to 
determine and compare the overall line morphology between the as-received and the 
plasma treated PEN samples. The scanning electron microscope (SEM) that was used for 
this study was a Zeiss Supra 50VP using a bias voltage of 5.0 kV and a working distance 
of 2.0 mm. SEM was used in order to understand the particle morphology and deposition 
within the inkjet-printed drops of PEDOT:PSS on the plasma treated substrates. 
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2.2   PEN SURFACE MODIFICATION 
 Water contact angle (WCA) measurements as a function of plasma power density 
for helium-oxygen and helium-water vapor plasma treated PEN are shown in Figure 2.3. 
PEN samples were exposed for 12 seconds to He-O2 plasma with power densities 0.73, 
0.94, and 1.58 W/cm2. The oxygen flow for this experiment was 70 sccm. PEN samples 
were treated for 1.3 seconds under He-H2O plasma with power densities 1.00, 1.04, 1.26, 
and 1.53 W/cm2. In all cases, the effect of plasma exposure on the improvement of the 
PEN hydrophilicity is evident. The WCA exhibits a dramatic decrease from 86° (as-
received film) to an average of about 25° and 11° for the PEN treated under He-O2 and 
He-H2O plasmas, respectively. The power density that resulted in the lowest WCA 
measurement was used for the remainder of the study: 0.94 W/cm2 for the He-O2 plasma 
and 1.04 W/cm2 for the He-H2O plasma. WCA measurements for He-H2O plasma treated 
PEN are on average 15° lower than that of the He-O2 plasma treated PEN, as observed 
with other polymers [24]. Nonetheless, there was not a significant dependence of WCA 
on applied power, at least within the range of this study. The power densities chosen in 
this work were encompassed in the range where a sustainable plasma was obtained. As 
for power densities lower than 0.6 W/cm2, the plasma was very weak and power densities 
above 1.5 W/cm2 may have resulted in surface damage. 
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Figure 2.3 Water contact angle (WCA) data as a function of plasma power density for 
He-O2 and He-H2O plasma treated PEN. 
 
 
In Figure 2.4, water contact angle (WCA) measurements as a function of 
concentration of oxygen in helium are presented. The oxygen flows used for this study 
were 70, 140, 350, and 700 sccm which result in concentrations of 0.5%, 1.0%, 2.5%, and 
5.0% oxygen in helium, respectively. As the oxygen concentration increased the WCA 
increased, where 0.5% oxygen in helium gave the lowest WCA measurement, about 62% 
lower than that of the as-received film, which was used for the remainder of the study. 
This WCA increase with respect to oxygen concentration was expected because during 
the plasma processing, helium active species create active sites through energy transfer 
mechanisms while atomic oxygen and oxygen radicals attach to these sites. It is believed 
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that a more oxygen-rich plasma will not lead to additional surface oxidation, as excess O2 
will cause quenching of the discharge.  
 
 
Figure 2.4 Water contact angle (WCA) data as a function of concentration of oxygen in 
helium for He-O2 plasma treated PEN for 1.35 seconds with a power density of 0.94 
W/cm2. 
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Figure 2.5 Water contact angle (WCA) data as a function of exposure time for He-O2 and 
He-H2O plasma treated PEN. The inset highlights the change in WCA measurements for 
treatment times shorter than 2 seconds. 
 
 
 Water contact angle (WCA) measurements as a function of exposure time for He-
O2 (0.5% oxygen in helium) and He-H2O plasma treated PEN are presented in Figure 2.5. 
The exposure times were varied from 0 seconds, corresponding to the untreated PEN 
film, to 27 seconds. Surface modification occurs within fractions of a second of plasma 
exposure where the minimum WCA was reached at 0.42 seconds of exposure for He-H2O 
treated PEN and 1.35 seconds of exposure for He-O2 treated PEN. The maximum WCA 
decrease was 68% and 85% for He-O2 and He-H2O plasma treated PEN, respectively. 
The WCA data was fit to an exponential decay function as follows: 
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aሺ௧ሻି aሺ௧ಮሻ
aሺ௧బሻି aሺ௧ಮሻ ൌ expሺെ݇ݐሻ    Eq. (1) 
where a(t0) is the WCA for the as-received PEN, a(t) is the contact angle of the sample at 
a given exposure time to the plasma, a(t∞) is the contact angle after maximum plasma 
treatment, and k is the decay constant and is related to the rate of surface 
functionalization. The values of k from the fit were 3.43 s-1 for He-O2 plasma and 6.92 s-1 
for He-H2O plasma. This indicates that the reactive water vapor species are chemically 
modifying the surface of PEN two times faster than the reactive oxygen species. A 
similar study was done by Gonzalez et. al. [25] where the PEN surface was treated with 
He-O2 plasma jets. The rate of surface activation obtained was 4.6 s-1. This value is 
slightly higher than the one in this study but the plasma sources in each study were 
different.  
 Surface energies, along with their dispersive and polar components, are presented 
in Table 2.1. After He-O2 plasma treatment, the surface energy of PEN increased by 35%. 
This resulted in a slight decrease of the dispersive component and a 2.5 times increase of 
the polar component. The surface energy of PEN increased by 42% after He-H2O plasma 
treatment. The non-polar component decreased by 37% and the polar component 
exhibited a 4-fold increase. This significant increase in the polar component upon He-
H2O plasma treatment explains the dramatic wettability improvement of the above WCA 
results. Since the polar component increased for each plasma chemistry, this is an 
indication of the grafting of oxygen functionalities, as proven by XPS analysis below.  
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Table 2.1 PEN surface energies before and after plasma treatment. 
Conditions Time (s) γp (mJ/m2) γd (mJ/m2) γs (mJ/m2) 
As-received PEN 0 12.9 38.0 50.9 
He-O2 plasma treated 13.5 32.0 36.7 68.7 
He-H2O plasma 
treated 
6.75 48.3 24.0 72.3 
 
 
 
Figure 2.6 Water contact angle (WCA) data as a function of aging of the PEN surface 
exposure to He-O2 plasma and He-H2O plasma. 
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 The shelf life of the plasma treated PEN is a property that needs to be considered. 
Aging of a plasma modified polymer surface can occur when the newly formed polar 
groups migrate into the bulk of the polymer through chain rotations and translations. This 
results in non-polar groups moving to the surface and increasing the WCA. The aging 
effect of the plasma treated PEN is shown in Figure 2.6. PEN samples were treated under 
a 0.5% oxygen in helium plasma with a power density of 0.94 W/cm2 for 13.5 seconds. 
Similarly, PEN samples were treated under a He-H2O plasma with a power density of 
1.04 W/cm2 for 6.75 seconds. The WCA for these samples was measured periodically up 
to 700 hours or one month. The WCA for the He-O2 treated PEN started at 25° and 
increased to 53° 1 month after the day of plasma exposure. This final value is about 30° 
lower than that of the untreated PEN. When the data was fit to a power curve, the 
equation was  
WCA ൌ 31.5ݐ଴.଴଻ହ   Eq. (2) 
The WCA for the He-H2O plasma treated PEN started at 13° and increased to 46° after 
700 hours. This final value is about 40° lower than that of the untreated PEN. When the 
data was fit to a power function, the equation was 
WCA ൌ 14.7ݐ଴.ଵଷ  Eq. (3) 
When comparing these equations, the He-H2O plasma treated PEN is aging twice as fast 
as the He-O2 plasma treated PEN. It is important to note that during this aging study, the 
WCA never reached the as-received value. Also, the WCA measurements for the He-H2O 
plasma treated PEN always remained lower than that of the He-O2 plasma treated PEN. 
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 To further investigate the surface chemical modification due to the plasma 
exposure and interpret the WCA results, a thorough XPS study was conducted. The 
profound increase of the oxygen surface concentration after helium-oxygen and helium-
water vapor DBD treatment was expected as both plasma environments contain a 
plethora of oxygen-based species, mainly atomic oxygen and hydroxyl radicals, 
respectively. The oxidation of the plasma modified surface is expressed through the C/O 
ratios which decrease from 4.71 to 3.38 and 3.12 for He-O2 and He-H2O plasma 
treatments, respectively (see Table 2.2). It is believed that these oxygen-based polar 
groups that are grafted on the treated PEN surface are responsible for the wettability 
improvement and the significant increase of the polar component of the surface free 
energy after plasma exposure. 
 
 
Table 2.2 Deconvolution of the C 1s and O 1s peaks from XPS for as-received and 
plasma treated PEN. 
Plasma Exposure Time (s) 
C 1s 
(%) 
O 1s 
(%) C/O
Peak number/peak fraction (%) 
C1 C2 C3 C4 C5 O1 O2 
- 0 82.5 17.5 4.7 70.9 15.6 13.4 - - 43.0 57.0 
He-O2 13.5 77.2 22.8 3.4 66.4 13.3 13.8 4.4 2.2 32.7 67.3 
He-H2O 6.8 75.7 24.3 3.1 66.5 9.5 15.0 7.8 1.2 37.4 62.6 
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Figure 2.7 XPS spectra of the O 1s peak for PEN (a) as-received, (b) He-O2 plasma 
treated, and (c) He-H2O plasma treated. 
 
 
 Also, a conversion of the C=O to C-O bonding state was observed from the 
analysis of the O 1s spectra, as seen in Figure 2.7. In Figure 2.7(a) the two components 
appearing at 532 eV and 533.6 eV seem to contribute at an area ratio of 1:1.3 while the 
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ratios change after the He-O2 and He-H2O treatments to 1:2 and 1:1.7, respectively as 
shown in Figure 2.7(b) and Figure 2.7(c). This conversion can be explained through the 
interactions of the PEN surface with helium and specifically the helium metastables that 
participate in energy transfer reactions leading to chain scission and bond breakage.  
 
 
Figure 2.8 XPS spectra of the C 1s peak for PEN (a) as-received, (b) He-O2 plasma 
treated, and (c) He-H2O plasma treated. The structure of PEN is shown. 
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 The C 1s spectra for as-received PEN, He-O2 treated PEN, and He-H2O treated 
PEN are compared in Figure 2.8. The spectrum of the pristine film was deconvoluted into 
three peaks, as seen in Figure 2.8(a): C1 aromatic carbon peak at 285.0 eV, C2 ethylene 
carbon peak at 286.7 eV, and C3 ester peak at 289.0 eV according to the literature [25, 
26]. However, the analysis of the carbon peaks after plasma treatment required the 
involvement of new components. These spectra (Figure 2.8(b), Figure 2.8(c)) exhibit a 
longer “tail” compared to that obtained from the analysis of the as-received PEN at high 
binding energies extending the spectrum to 291 eV allowing the addition of peak C5. 
Also, the symmetric bell curve structure of C2 appears to be distorted and that was 
attributed to the contribution of a new type of functionality located at 287.5 eV (C4). This 
new component was assigned as an ether group resulting from chain scission of the PEN 
backbone through the abstraction of the ethoxy terminal group and/or the oxidation of the 
aromatic carbons and the ethylene group after hydrogen removal.  
 The aromatic carbon peak decreased by 4.56% and 4.44% for He-O2 and He-H2O 
plasma treated PEN, respectively, in agreement with our prior observations reported in 
Rodriguez-Santiago et. al. for helium-water vapor treatment of polyethylene terephthalate 
[24]. Component C2 followed a similar trend as expected (Table 2.2), as C-C and C-H 
have the lowest bond strength of all the groups present in the PEN structure. During the 
plasma process, the hydrogen atoms on the ethylene and aromatic carbons are replaced 
with oxygen functionalities. Helium plasma is responsible for the abstraction of hydrogen 
atoms and the breaking of C-C bonds. This leads to the formation of active sites available 
to react with the radicals present in the plasma bulk as mentioned above and results in the 
grafting of new C-OH and C-O groups. Also, the role of helium is to promote the 
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formation of cross links between side chains, a phenomenon reported in the literature [27] 
as CASING (crosslinking via activated species of inert gases).  The O-C=O group C3 
does not appear to change drastically after the plasma exposure proving its stability and 
higher energy requirements to cause bond disruption. However, it can be assumed that 
the new O-C-O and OH-C=O groups are grafted due to the He-O2 and He-H2O plasmas 
and are assigned to C4 and C5. 
 The morphology of the untreated and plasma modified PEN obtained from AFM 
studies is shown in Figure 2.9. The features on the surface are about 2 µm wide and 200 
nm tall and they are found over the entire as-received sample (Figure 2.9(a)). The root 
mean square (rms) roughness for the untreated PEN is 13.3 nm. Figure 2.9(b), (c), (d), 
and (e) show the surface morphology of plasma treated PEN versus treatment time. The 
samples treated with He-O2 plasma have an rms roughness of 11.5 nm and 16.3 nm for 
short and long exposure times, respectively. The slight increase in roughness after 27.0 
seconds of exposure is attributed to the nano-roughness among the tall spikes as seen in 
Figure 2.9(b). The rms roughness for the short and long exposure to He-H2O plasma are 
12.9 nm and 11.8 nm, respectively. After 27.0 seconds of exposure to He-H2O plasma, 
the spiked features are etched. Overall, there is no significant roughness change bewteen 
the untreated and plasma treated PEN leading to the conclusion that the overall 
improvement of the surface wettability of plasma modified PEN is due to the oxidation of 
the surface and not due to the increased surface roughness.  
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Figure 2.9 AFM 3D images of (a) as-received PEN and plasma treated PEN (b) He-O2 
treatment for 1.3 s, (c) He-O2 treatment for 27.0 s, (d) He-H2O treatment for 1.3 s, and (e) 
He-H2O treatment for 27.0 s. 
 
 
2.3   INKJET PRINTING OF PEDOT:PSS 
Inkjet printing of PEDOT:PSS was done on three different types of PEN samples: 
untreated samples, He-O2 plasma treated samples, and He-H2O plasma treated samples. 
The conditions for the He-O2 plasma treated PEN were chosen to be 0.5% oxygen in 
helium, a power density of 0.94 W/cm2, and exposure time of 13.5 seconds. The 
conditions for the He-H2O plasma treated PEN were chosen to be a power density of 1.04 
W/cm2 and exposure time of 6.75 seconds. These conditions resulted in the lowest water 
contact angle and the maximum surface energy, as presented in section 3.1. Since aging 
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of the samples does occur, the printing was done within 24 hours of plasma treatment. 
The interaction between the different PEN surfaces and a single drop of PEDOT:PSS and 
printed lines of PEDOT:PSS was studied.  
 
 
Figure 2.10 SEM images of PEDOT:PSS single drops on (a) untreated PEN, (b) He-O2 
plasma treated PEN, and (c) He-H2O plasma treated PEN. 
 
 
Figure 2.10 presents the single drop study of PEDOT:PSS on the three different 
types of PEN surfaces. The PEDOT:PSS particles agglomerated to the center of the drop 
on the untreated PEN sample due to its low surface energy leading to continuous contact 
line dewetting during drop evaporation. The deposition diameter of this drop is 65 µm. 
As the surface energy increases, the PEDOT:PSS particles spread more evenly inside the 
drop to eventually form a uniform deposition on the He-H2O plasma treated PEN surface. 
The diameter of the drop deposit on the He-O2 plasma treated PEN surface is also 65 µm, 
but the drop spreads to 135 µm in diameter on the He-H2O plasma treated PEN. From 
Figure 2.10(a), the PEDOT:PSS drop on as-received substrate experiences all three stages 
of evaporation (i.e., constant contact area, constant contact angle, and mixed mode). In 
the constant contact area stage of evaporation, PEDOT:PSS ink is advected to the pinned 
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contact line due to the evaporatively-driven flow. Once the contact angle reaches the 
static receding contact angle soon after a short constant contact area stage, the contact 
line starts to recede. At the constant contact angle stage, drop evaporation occurs 
uniformly along the liquid-vapor interface and the contact area of the drop decreases 
linearly with time [28]. The lack of long outward evaporative flow regime increases the 
PEDOT:PSS volume fraction inside the evaporative drop which increases the aggregation 
of PEDOT:PSS. The receding liquid-vapor interface forces these aggregations toward the 
center of the drop [29]. In Figure 2.10(b), it can be seen that due to the aggregation of 
PEDOT:PSS near the contact line during constant contact area creates a “coffee ring” 
deposition on the He-O2 plasma treated PEN substrate [30]. Here, improved wettability of 
the substrate restricts the receding of the contact line and limits aggregation of 
PEDOT:PSS compared to the as-received PEN substrate. In Figure 2.10(c), the He-H2O 
plasma treated PEN substrate has a lower WCA which results in more spreading of the 
drop and restricts evaporation to only the constant contact area stage. Here, the lack of 
receding of the liquid-vapor interface restricts the formation of PEDOT:PSS aggregates. 
Overall, the increased surface energy reduced agglomeration of the PEDOT:PSS.  
The effects of varied drop spacing on inkjet-printed PEDOT:PSS lines were 
examined. The as-received PEN sample does not allow for the formation of a connected 
uniform line but only allows for the deposition of isolated drops that get significantly 
larger as the drop spacing decreases (see Figure 2.11(a)). This is a result of the as-
received PEN having a high water contact angle, which will result in a high advancing 
contact angle and a receding contact angle that cannot be neglected. In Figure 2.11(b) and 
11(c), the He-O2 and He-H2O plasma treated PEN samples show a large liquid instability 
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at low drop spacing. This instability is reduced and a stable line deposition is produced as 
the drop spacing increases. However, if this drop spacing is too large then the uniform 
line starts to show a scalloped shape [10], which can be seen in Figure 2.11(c) for the 
125% of drop spacing case on the He-H2O plasma treated sample. The instability of the 
PEDOT:PSS line at lower drop spacing, which causes the bulges within the inkjet-printed 
line, is a result of the instantaneous contact angle of the liquid with the substrate being 
greater than the static advancing contact angle [31]. However, it can be seen that uniform 
PEDOT:PSS lines can be formed on both the He-O2 and He-H2O plasma treated 
substrates at different drop spacing, where the particle deposition within the lines for the 
He-O2 and He-H2O PEN substrates are different. Nonetheless, there is an optimal drop 
spacing for printed lines on the He-O2 and He-H2O plasma treated PEN surface and they 
are 50% and 100% of the drop diameter, respectively. Since these surfaces differ in 
surface energy and water contact angle, it is expected that the optimal printing condition 
for the 2 plasma chemistries (helium-oxygen and helium-water vapor) would be different. 
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Figure 2.11 Optical images of printed PEDOT:PSS lines versus drop spacing on (a) as-
received PEN, (b) He-O2 plasma treated PEN, and (c) He-H2O plasma treated PEN 
plasma treated PEN.  
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CHAPTER 3: INKJET PRINTING PARAMETER OPTIMATIZATION 
 
3.1   EXPERIMENTAL PROCEDURE 
3.1.1   SUBSTRATE CLEANING 
 Indium Tin Oxide (ITO) coated glass sheets were purchased from Colorado 
Concepts Coatings (Loveland, Colorado) which have a 130 nm thick ITO layer were cut 
into 3mm by 1mm rectangles before starting the cleaning process. After the ITO coated 
glass was cut down to size, the glass was cleaned by following the follow steps: 
1) Sonicate in Acetone for 15 minutes 
2) Sonicate in Sparkleen (glass cleaner) for 15 minutes to remove any oils from 
the glass 
 
3) Rinsed with distilled water 5 times to ensure all Sparkleen residue was 
removed 
 
4) Sonicate in distilled water for 15 minutes 
5) Sonicated in Isopropanol for 15 minutes 
 
3.1.2   ZnO SUBSTRATE PREPARATION 
 A 0.375 molar Zinc Acetate solution is made by combining 17.2 grams of Zinc 
Acetate with 5.66 mL of Monoethaolamine in a 250 mL volumetric flask and filled to the 
top with anhydrous ethanol. The solution is then mixed at 60°C for 4 hours or until the 
Zinc Acetate is fully dissolved. 
 After the solution is prepared, ITO coated glass substrates were dip coated using a 
dip coated which consists of a linear actuator with a chuck which holes two substrates. 
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The substrates are fixed within the chuck so that the conductive sides face away from 
each other. The entire mechanism is setup within a box where dry air is feed in until the 
relative humidity reaches around 10-15%, then the air flow is stopped. A small beaker 
filled with the Zinc Acetate solution is then placed inside the box below the substrates 
and the linear motor is set to lower the substrates into the solution at 200 mm/min 
[32,33]. The dip coater is set to lower the substrates without the chuck contacting the 
solution. The time the substrates are left in the solution is not that critical as long as the 
panels are withdrawn at 200 mm/min. 
 After dip coating, the substrates are quickly transferred into a nitrogen glove box, 
where the relative humidity is controlled at approximately 33% and is controlled by 
nitrogen flow that has been bubbled through water. Inside the glove box the substrates are 
placed on a hot plate and the temperature is ramped up until it reaches 400°C. The 
substrates are annealed at this temperature for 20 minutes, while the water-nitrogen gas is 
flowing into the glove box. After annealing, the hot plate is switched off and the 
substrates are allowed to cool. Once the substrates reach room temperature, the nitrogen 
gas is turned off and the substrates can be removed from the glove box. This process 
resulted in a Zinc Oxide layer of approximately 70 nm thick. 
 
3.1.3   P3HT:PCBM INK PREPARATION 
 To prepare the P3HT:PCBM ink, 1wt% P3HT (Sigma Aldrich, USA) is blended 
with 1% PCBM (American Dye Source, Canada) in 68% 1,2-Dichlorobenzene (o-DCB) 
and 32% 1,3,5-trimethylbenzene (Mesitylene) solution. The ink is then heated at 100°C 
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for 15 seconds and stirred overnight in order to dissolve the P3HT:PCBM in the 
oDCB:Mesitylene bi-solvent system. For inkjet printing, the use of a bi-solvent system is 
used in order to suppress the coffee ring effect and lead to more uniform depositions [7]. 
3.1.4   INKJET PRINTING SETUP 
 The Dimatix Materials Printer DMP-2800 was used in this study. This 
commercial inkjet printing setup consists of 16 piezoelectric print nozzles spaced 254 µm 
apart which allow for the deposition on 8x11 inch substrates. This printing setup also 
features a vacuum platen that holds the substrate in place during printing and can be 
controlled up to 60°C. 
3.2   RESULTS 
3.2.1   FREQUENCY INVESTIGATION 
 Inkjet printing frequency was the first parameter that was studied in order to 
determine optimal printed parameters. During this investigation, all other parameters 
were kept constant at the values shown in Table 3.1 and the different jetting frequencies 
that were used were 1, 1.5, and 2 kHz.  
 
Table 3.1 Constant Inkjet Printing Parameters for Frequency Investigation 
Substrate Temperature 40 °C 
Nozzle Temperature 40 °C 
Nozzle Height 1 mm from top of the substrate 
Drop Spacing 55 µm 
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 Optical images of the P3HT:PCBM films that were printed using the different 
frequencies can be seen in Figure 3.1. From these images, it can be seen that the most 
stable and uniform film occurs with an inkjet printing frequency of 1.5 kHz. At higher 
frequencies the film becomes unstable, which can be contributed to large amounts of 
P3HT:PCBM ink on the substrate at one time. Too much liquid on the surface would 
cause increased spreading that would lead to irregular print patterns, which can be seen in 
Figure 3.1a. However, at a frequency that is low there would be more drop evaporation 
between successive drops which would cause a lower amount of ink on the surface at one 
time and result in large discontinuities within the inkjet printed film, which can be seen in 
Figure 3.1c. The important of find the optimal balance between drop evaporation and 
drop liquid spreading is important in the generation of a uniform inkjet printed layer 
which can be seen in Figure 3.1b. 
 
 
Figure 3.1 Optical images of printed P3HT:PCBM layers on ZnO/ITO/Glass substrates at 
a) 2 kHz, b) 1.5 kHz, and c) 1 kHz with 55 µm drop spacing.  
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3.2.2   DROP SPACING INVESTIGATION 
 After determining the best printing frequency, the drop spacing was investigated 
in order to determine the drop spacing that provided the most uniform film while using 
the 1.5 kHz that was shown to provide the best balance between drop evaporation and 
drop liquid spreading. During this investigation, all other parameters were kept constant 
at the values shown in Table 3.2 and the drop spacing that was used was 55 μm, 60 μm, 
65 μm, 70 μm, and 75 μm. 
Table 3.2 Constant Inkjet Printing Parameters for Drop Spacing Investigation 
Substrate Temperature 40°C 
Nozzle Temperature 40°C 
Nozzle Height 1 mm from top of substrate 
Inkjet Printing Frequency 1.5 kHz 
 
 
 
Figure 3.2 Optical images of printed P3HT:PCBM layers on ZnO/ITO/Glass substrates at 
a) 55 μm, b) 60 μm, c) 65 μm, d) 70 μm, and e) 75 μm with 1.5 kHz printing frequency. 
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 Optical Images of the P3HT:PCBM films that were printed using the different 
drop spacing can be seen in Figure 3.2. From these images, it can be seen that the most 
stable and uniform film occurs with a drop spacing of 65 μm kHz, which can be seen in 
Figure 3.2c. At smaller drop spacing, a non-uniform P3HT:PCBM layer is seen, which 
can be contributed to large amounts of P3HT:PCBM ink on the substrate at one time. Too 
much liquid on the surface would cause increased spreading that would lead to irregular 
print patterns. However, at larger drop spacing, the inkjet printed P3HT:PCBM layer is 
visibly thin and does not appear to be as uniform as the 65 μm drop spacing.  The 
estimated layer thickness for the varying drop spacing is shown in Table 3.3. 
 
Table 3.3 Estimated Layer Thickness for drop spacing of 55, 60, 65, 70, 75 μm 
Drop Spacing Estimated Layer Thickness 
a) 55 μm 172 nm 
b) 60 μm 145 nm 
c) 65 μm 123 nm 
d) 70 μm 106 nm 
e) 75 μm 93 nm 
 
 
 
3.2.3   MULTIPLE LAYER INVESTIGATION 
 In order to decrease the number of pin holes present in the inkjet printed active 
layer, the effect of printing multiple layers was investigated. The comparison of the 
morphology of the photoactive layer for single and multiple printed layers are shown in 
Figure 3.3. From Figure 3.3 a) and Figure 3.3 b), it can be seen that there is a definite 
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thickness variation along the printed layers. This thickness variation can result in micro- 
and nano-scale pin holes which will lead to poor solar cell performance which can be 
seen in Figure 4.2. 
 
Figure 3.3 Top-view SEM image of  (a) single layer, (b) two parallel layers and (c) two 
crossed layers of P3HT:PCBM deposits. Solar cells were printed at 1.5 KHz and 65 µm 
drop/line spacing. 
 
 
 
3.3   SUMMARY 
 Through the frequency investigation, the drop spacing investigation, and the 
multiple investigation studies of inkjet printed P3HT:PCBM on ZnO coated ITO glass 
slides it was determined that the optimal parameters consist of 1.5 kHz inkjet printing 
frequency, 65 µm drop spacing, and two layers printed in a crossed pattern. These 
parameters resulted in the most uniform film that minimizes the amount of pin holes seen 
in the SEM images.     
a) b) c) 
39 
 
CHAPTER 4: INVERTED SOLAR CELL TESTING 
 
 
4.1   ABSORPTION SPECTRUM 
The absorption spectrum of the inkjet printed active layer can be seen in Figure 4.1. This 
figure shows that the absorption of the inkjet printed two perpendicular layers is 
increased compared to the single layer, which increase cell performance. However, the 
increased light absorption is due to an increased P3HT:PCBM layer thickness, which can 
cause decreased charge separation and increased exciton recombination. 
 
 
Figure 4.1 Absorption spectrum of the printed P3HT:PCBM layers 
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4.2   I-V CHARATERIZATION 
 The solar cells were tested for their I-V response by placing them on a solar 
simulator (light intensity – 100 mW/cm2). The solar simulator worked by sweeping the 
voltage and measuring the resulting current across the solar cell. Important solar cell 
parameters can be taken and calculated from the I-V curves taken when the solar cell is 
exposed to light. The I-V curves for the single layer, double layers parallel, and double 
layers crossed are shown in Figure 4.2 with the performance parameters shown in Table 
4.1. It can be seen from Figure 4.2 that the solar cell performance increased by printing 
two layers instead of one layer. Printing two layers in a perpendicular pattern greatly 
increase the solar cell performance, which is a result of the decreased pin holes in the 
inkjet printed P3HT:PCBM active layer.  
 
 
 
Figure 4.2 Light I-V curves of printed cells of a single, two parallel, and two crossed 
photoactive layers. 
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Table 4.1 Performance of inkjet printed solar cells of consisting of single, two parallel, 
and two crossed layers. 
Layer orientation (thickness - nm) Isc (mA/cm2) 
Voc 
(V) Fill factor Efficiency (%)
Single layer (150) 0.49 0.12 0.300 0.0176 
Double layers – parallel (300) 0.44 0.19 0.343 0.0287 
Double layers – cross (300) 0.69 0.29 0.373 0.0746 
 
 
4.3   LIGHT STABILITY 
The performance of the solar cell over time was also investigated. In order to accomplish 
this, the solar cell was exposed to the light source and I-V curve measurements were 
taken at 0, 5, and 10 minutes, which can be seen in Figure 4.3. It is seen that as the solar 
cell is exposed to light, the solar cell performance deteriorates. The solar cell efficiency 
drops approximately 43% in 10 minutes, which could be due to the degradation of the 
ZnO layer. The solar cell performance parameters for Figure 4.3 can be seen in Table 4.2. 
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Figure 4.3 I-V curves for printed solar cells with 0, 5, and 10 mins light exposure time. 
 
 
 
Table 4.2 Solar cell performance of printed solar cells with different light exposure time. 
Exposure time Isc (mA/cm2) 
Voc 
(V) Fill factor Efficiency 
0 minutes 0.36 0.07 0.269 0.007 
10 minutes 0.29 0.07 0.271 0.005 
20 minutes 0.26 0.06 0.269 0.004 
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CHAPTER 5: CONCLUSIONS 
 
 
 Atmospheric pressure helium-oxygen and helium-water vapor plasma chemically 
modified the surface of PEN promoting the formation of well-defined and uniform 
printed PEDOT:PSS lines. The total WCA decrease was 68% and 85% for He-O2 and 
He-H2O plasma treated PEN, respectively, which is attributed to oxidation of the surface 
and not increased surface roughness. This significant decrease in WCA was observed for 
plasma treatments of only fractions of a second to a few seconds. With this improved 
wettability, continuous PEDOT:PSS lines were inkjet printed on plasma treated PEN. 
Atmospheric plasma offers a more attractive method to modify the surface energy of 
flexible polymer substrates. The hybrid method of atmospheric plasma processing and 
inkjet printing allows for a technique for producing thin film photovoltaics on flexible 
substrates. 
 The effects of inkjet jetting frequency, drop/line spacing, and multiple layers on 
the deposition morphology of the P3HT:PCBM active layer were investigated. The 
optimal inkjet printing parameters were found to be two layers printing in a perpendicular 
pattern with a frequency of 1.5 kHz with 65 µm drop spacing. The performance of this 
P3HT:PCBM solar cell showed the best performance, however, the efficiencies that were 
obtained in this work are still quite low and are a result of the degradation of the ZnO 
electron conducting layer and the P3HT:PCBM active layer thickness. The performance 
of the solar cells can be improved with better control over the P3HT:PCBM 
crystallization during annealing and also by replacing ZnO with Titanium Dioxide (TiOx) 
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in order to improve the solar cell stability. Also, the reduction of the P3HT:PCBM active 
layer thickness with better control over the development of micro- and nano-scale pin 
holes would lead to even greater solar cell performance. 
 With the above factors in mind, inkjet printing as a viable solar cell fabrication 
method does seem plausible. However, numerous studies on the ink preparation and 
inkjet printing parameters need to be done for each solution that would have to be 
printed. While inkjet printing is a scalable roll-to-roll process which would lower 
manufacturing cost, this method will not be feasible until stable solar cell inks have been 
formulated and proven to work and until the effects of inkjet printing parameters on the 
solar cell can be further studied and tested. 
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